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ABSTRACT To investigate host and viral mechanisms de- 
termining hepadnaviral persistence and hepatocarcinogenesis, 
we developed a mouse model by transplanting woodchuck hepa- 
toses into the liver of mice that contain the urokinase-type 
plasminogen activator transgene (uPA) and lack mature B and 
T Wmphocytes due to a recombination activation gene 2 (RAU-2J 
aene knockout. The woodchuck hepatocytes were transplanted 
via intrasplenic injection and were found to integrate into the 
recipient mouse liver cord structure. Normal adult woodchuck 
hepatocytes proliferated and reconstituted up to 90% of the 
uPA/RAG-2 mouse liver. uPA/RAG-2 mice containing wood- 
chuck hepatocytes were infectable with woodchuck hepatitis 
virus (WHV) and showed WHV replication for at least 10 months 
with titers up to 1 x 10" virions per ml in the peripheral blood. 
WHV-infected hepatocytes from chronic carrier woodchucks 
also established a persistent infection in uPA/RAG-2 mice after 
an 8- to 12-week lag period of viremia. Although WHV envelope, 
core, and X proteins were produced in the uPA/RAG-2 mice, no 
inflammatory host immune response was observed in the liver ot 
WHV-replicating mice. A first antiviral test demonstrated a 
greater than four orders of magnitude drop in WHV titer in 
response to interferon a treatment. WHV replication was up- 
regulated by dexamethasone treatment Comparison of precan- 
cerous lesions in donor woodchucks versus recipient uPA/RAG-Z 
mice revealed an enrichment of dysplastic precancerous hepa- 
toevtes in transplanted mice. Clonal amplification of hepatocytes 
from a woodchuck with hepatocellular carcinomas was demon- 
strated by the detection of unique WHV DNA tategration pat- 
terns in hepatocellular carcinomas that arose in uPA/RA^-i 
mice. In the absence of B or T cell-mediated immune responses, 
WHV establishes a persistent noncytotoxic infection of wood- 
chuck hepatoevtes in uPA/RAG-2 chimeric mouse livers. Fur- 
ther studies ofthe kinetics of hepadnavirus infection and repli- 
cation in quiescent and proliferating hepatocytes should increase 
our understanding of hepadnavirus spread and aid in the design 
of therapies to block or cure persistent infection. 



Hepatitis B virus (HBV) infection remains a major health 
problem with more than 350 million chronic HBV carriers 
worldwide, who arc at risk for developing liver cirrhosis and 
hepatocellular carcinoma (HCC) (1-4). The development of 
effective therapies for eradicating HBV in chronic carriers has 
been limited by our incomplete understanding of mechanisms 

of viral persistence (5). 

Both humoral and cellular elements of the host immune 
response are important for HBV clearance. The humoral 
response to HBV antigens (i.e., antibodies to hepatitis B 
surface antigen) helps clear circulating virions and confers 
protection against reinfection, whereas T cell-mediated re- 
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sponses eliminate infected cells (6,7). Recent work using HBV 
transgenic mice has shown that this process can be mediated 
by cytokines, such as tumor necrosis factor a and inte rteror 17. 
These cytokines have the capacity to down-regulate HBV 
replication in a noncytopathic manner (8, 9). 

Our aims were to determine whether hepadnavirus replica- 
tion will become persistent in the absence of B and T cells in 
the host and whether acute infection of hepatocytes in such an 
environment would effect the course of hepadnaviral persis- 
tence. To analyze this, we took advantage of recent advances 
in liver repopulation with transplanted hepatocytes (10). The 
discovery of a hepatocyte-lethal phenotype in urokinase-type 
plasminogen activator (uPA) transgenic mice and the replace- 
ment of livers from those mice with xenografted hepatocytes 
(11-13) suggested to us that if the mouse liver could be 
replaced by hepatocytes amenable to hepadnaviral infection, a 
variety of studies would be possible in mice containing hepa- 
tocytes from a single donor. Furthermore, the potential pro- 
liferation of hepadnavirus-infected transplanted xenogenic 
hepatocytes would allow us to study hepadnaviral replication 
and persistence in proliferating hepatocytes during liver re- 
aeneration and in quiescent hepatocytes after completion ot 
liver regeneration. uPA-transgene-expressing hepatocytes are 
at a growth disadvantage compared with nontransgenic hepa- 
tocytes, because transgene expression compromises their func- 
tion (11), and thus transplanted hepatocytes are selectively 
amplified in a mixed polyclonal pattern. 

To generate the uPA/recombination activation gene 2 
(RAG-2) mice, we crossed uPA transgenic mice with RAxj-i 
knockout mice, which lack mature B and T lymphocytes (14). 
Woodchuck hepatocytes, transplanted via splenic injection 
(10) into the liver of uPA/RAG-2 mice became integrated in 
the uPA/R AG-2 liver parenchyma, replacing up to 90% ot the 
uPA/RAG-2 mouse hepatocytes, and supported woodchuck 
hepatitis virus (WHV) replication indefinitely. WHV replica- 
tion in uPA/RAG-2 mice could be manipulated by up- 
reeulatory (dexamethasone) or down-regulatory (interferon 
^pharmacological interventions. In addition, clonal potential 
of liver tumor cells derived from chronic WHV carrier wood- 
chucks could be tested in the uPA/RAG-2 mice. 
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METHODS 

Animals. UPA mice were purchased from The Jackson Lab- 
oratories, RAG-2 knockout mice were from Taconic Farms, and 
idult woodchucks were from North Eastern Wildlife (South 
Plymouth, NY) or Cornell University (Ithaca, NY). Animals were 
housed and maintained under specific pathogen-free conditions 
in accordance with institutional guidelines under approved pro- 
tocols. We used one uninfected woodchuck, which was negative 
for all WHV markers, and three woodchucks (nos. 2765, 3543, 
md 4940) with persistent WHV infections that were woodchuck 
hepatitis virus surface antigen (WHsAg)-positive and anti- 
woodchuck hepatitis virus core antibody (anti-WHc)-positive. 
The results from nine randomly chosen uPA/RAG-2 mice con- 
taining transplanted cells are shown in detail. Partial hepatecto- 
mies in mice were performed under tribromoethanol anesthesia 
(Aldrich) with approved protocols (15). 

Generation of Tolerant uPA/RAG-2 Mice. uPA transgenic 
mice were crossed with RAG-2 knockout mice. The uPA 
transgene was identified by PCR of mouse-tail DNA with the 
following nucleotide sequences: primer 1, 5'-CATCCCTGT- 
GACCCCTCC-3', and primer 2, 5-CTCCAAACCACCCC- 
CCTC-3'. Homozygous uPA transgenic mice were distin- 
guished from hemizygous mice by PCR as reported (13). For 
the experiments described, only hemizygous uPA mice were 
used. The RAG-2 knockout mutant gene was identified by 
PCR of tail DNA as described (16). 

Isolation and Transplantation of Woodchuck Hepatocytes. 
Woodchuck hepatocytes were isolated by the two-step in situ 
collagenase perfusion method followed by differential centrif- 
ueation (17). Hepatocyte viability was >95%, as measured by 
trypan blue dye exclusion. From 5 x 10 5 to 1 X 10 6 hepatocytes 
were transplanted into a number of 10- to 18-day-old uPA/ 
RAG-2 mice by intrasplenic injection (17). 

Histological Studies. Serial cryostat sections of woodchuck and 
uPA/R AG-2 mouse livers were examined by hematoxylin/eosin 
staining, dipeptidyl peptidase IV (DPPIV) enzyme activity (18) 
and immunohistochemistry with a rabbit antiserum (WHc anti- 
serum) against woodchuck hepatitis core antigen (WHcAg). For 
immunolabeling, sections were fixed in 4% paraformaldehyde, 
incubated with WHc antiserum (diluted 1:250 in PBS containing 
5% sheep serum) at room temperature, and subsequently incu- 
bated with the Cy3-conjugated sheep anti-rabbit IgG antibody 
(Sigma) diluted 1:200 in PBS with 5% sheep serum at room 
temperature. Finally, slides were mounted in 40 mg of rc-propyl 
gallate per ml in 90% glycerol/10% 0.5 M sodium carbonate, pH 
8, for viewing under a fluorescence microscope. 

Immunoprecipitation and Immunoblot Analyses. The wood- 
chuck hepatitis virus X (WHx) protein was immunoprecipitated 
from cell extracts with a rabbit WHx antiserum and subjected to 
SDS/PAGE as described (19). For the detection of WHV core 
protein, 20 jig of total cell extracts was solubilized (20), boiled, 
and separated by SDS/PAGE. The transblots were probed with 
either WHx antiserum (1:1,000 dilution) or WHc antiserum 
(1:5,000 dilution), and binding was detected by the enhanced 
chemiluminescence (ECL) system (19) (Amersham). 

DNA Analysis. Genomic DNAs were extracted from frozen 
liver and used for Southern blot analysis as described (21, 22) 
For detecting woodchuck genomic DNA in transplanted uPA/ 
RAG-2 mouse livers, 150 ng of PvuII-digested woodchuck 
DNA was used for a 32 P-labeled random genomic probe. Blots 
were hybridized under high-stringency conditions (23) at 45°C 
for 2 h. WHV DNA in woodchuck and uPA/RAG-2 mouse 
liver tissues was detected with a genome-length 3.3-kb WHV 
DNA 32 P-labeled probe (23). 

Detection of WHV DNA, Woodchuck Albumin, and WHsAg in 
Woodchuck and uPA/RAG-2 Mouse Sera. Woodchucks were 
anesthetized with ketamine (Fort Dodge Laboratories, Fort 
Dodge, IA) and xylazine (Bayer, Shawnee Mission, KS) and 
blood was collected from the femoral vein. Blood was drawn from 
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Fig I Migration pattern of mouse (lane 1) and woodchuck (lane 
2) serum albumin in a Coomassie blue-stained gel. The migration 
pattern of serum albumin from a representative uPA/R AG-2 mouse 
containing woodchuck hepatocytes shows both mouse and woodchuck 
serum albumin (lane 3). 

the tail vein in mice, both woodchuck and mouse sera were 
dot-blotted onto a nylon membrane (24) and hybridized with a 
32 P-labeled WHV DNA probe (23), and the number of WHV 
DNA molecules was quantitated by scanning densitometry. Serial 
dilutions of known amounts of a plasmid containing one copy of 
WHV DNA served as a standard. For woodchuck serum albu- 
min 5 jug of total serum proteins was solubilized (20), boiled, and 
subjected to SDS/PAGE. Proteins resolved in 7.5% gels were 
fixed and stained with Coomassie blue. For immunoblotting ot 
WHsAg, proteins were resolved in SDS/PAGE, electrotrans- 
ferred, probed with a rabbit antiserum against WHsAg (WHs 
antiserum; 1:1.000 dilution), and visualized by ECL. 

Blood Chemistry in uPA/RAG-2 Mice. Sera were analyzed 
for total protein, albumin, bilirubin, alanine aminotransferase 
activity, and aspartate aminotransferase activity in a standard 
automated clinical analyzer (Technicon). 

Drugs. Interferon a-2b (Schering) at 135 international 
units/g (body weight) and dexamethasone (Fujisawa, Deer- 
field, IL) at 27 ng/g (body weight) were given to mice 
intramuscularly daily for 15 consecutive days. 

RESULTS 

Repopulation of uPA/RAG-2 Mouse Liver with Xenogenic 
Woodchuck Hepatocytes. To screen for survival and growth of 
transplanted woodchuck hepatocytes in uPA/RAG-2 mice, we 
analyzed serum albumin profiles from all recipients. SDS/ 
PAGE showed that mouse and woodchuck serum albumin 
migrated differently (Fig. 1). In uPA/RAG-2 mice, 3 months 
after woodchuck hepatocyte transplantation, this assay dem- 
onstrated the presence of both woodchuck and mouse serum 
albumin (Fig. 1). uPA/RAG-2 mice containing woodchuck 
hepatocytes were clinically healthy and the livers appeared 
normal in respect to color, size, and liver weight to body weight 
ratios at sacrifice. Serum concentrations of total P rot e m ; 
albumin, bilirubin, and transaminases were similar in uPA/ 
RAG-2 mice containing woodchuck hepatocytes compared 
with control uPA/RAG-2 mice (Table 1). 

Table 1. Serum paramete rs in representative uPA/RAG-2 mice 

Animal 



Parameter 



Woodchuck hepatocytes 
Total protein, g/dl 
Albumin, g/dl 
ALT, units/liter 
AST, units/liter 
Total bilirubin, mg/dl 



351 


457 


496 


969 






+ 


+ 


4.4 


4.0 


4.6 


4.2 


2.6 


2.4 


2.8 


2.6 


118 


104 


112 


124 


140 


174 


139 


154 


0.2 


0.2 


0.3 


0.2 



uPA/RAG-2 mice containing woodchuck hepatocytes (no. 496 and 
969) were compared with untransplantcd uPA/RAG-2 mice (no. 351 
and 457). ALT, alanine aminotransferase; AST, aspartate aminotrans- 
ferase. 
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Fig. 3. {A) Detection of WHcAg in a uPA/RAG-2 mouse liver 
containing WHV-positive woodchuck hepatocytes by immunostaining 
with a WHc antiserum. A nodule containing transplanted WHV- 
positive woodchuck hepatocytes (lighter area, rhodamine light) and 
host mouse hepatocytes that presumably deleted the uPA transgene 
(darker stained area). (X200.) (B) DPPIV staining of bile canaliculi 
in uPA/RAG-2 mouse liver containing woodchuck hepatocytes. 
(X200.) Bile canaliculi are visible between mouse hepatocytes (darker 
staining) and transplanted woodchuck hepatocytes (lighter staining). 
Nuclei are counterstained with hematoxylin. 

however, no evidence was found of infiltration with granulocytes 
or macrophages. 

Infection of Woodchuck Hepatocytes in uPA/RAG-2 Mice. 
To investigate whether naive woodchuck hepatocytes could be 
infected with WHV in uPA/R AG-2 mice, hepatocytes from an 
adult uninfected woodchuck were transplanted into the liver of 
uPA/RAG-2 mice as described above. After completion of 
liver regeneration 3 months after transplantation, four uPA/ 
R AG-2 mice were subjected to a liver biopsy and the presence 
of woodchuck hepatocytes was confirmed by Southern blot 
analysis as described above. Subsequently, these uPA/RAG-2 
mice were infected intramuscularly with either 10 jllI of a 
WHV-positive woodchuck serum, containing approximately 
1 X 10 9 virions per ml or with 10 /xl of WHV-containing serum 
from uPA/RAG-2 mouse 496 (5 x 10 s virions per ml). The 
establishment of productive infection was monitored by serum 
dot blot analysis for WHV DNA. In quiescent hepatocytes 
after completion of liver regeneration 3 months after trans- 
plantation, WHV DNA became detectable at 4 weeks after 
infection. Southern blot analysis of uPA/RAG-2 mouse liver 
DNAs hybridized with WHV DNA demonstrated the presence 
of open circular and replicative WHV DNA forms. The serum 
WHV virion levels have remained stable for an additional 10 
months in the infected animals (analysis currently ongoing), 
confirming the persistence of WHV infection in uPA/RAG-2 
mice containing woodchuck hepatocytes. 
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Antiviral Studies in WHV Replicating uPA/RAG-2 Mice. To 

confirm the usefulness of the chimeric u PA/ R AG-2 mouse 
model for studying hepadnaviral replication, we investigated 
modulation of WHV replication with either interferon a or 
dexamethasone treatment. Three uPA/R AG-2 mice were chosen 
for this experiment, mouse 1418 containing hepatocytes from a 
chronic WHV carrier and mice 1063 and 1098 that were trans- 
planted with naive woodchuck hepatocytes and infected with 
WHV-containing serum as described above. All mice showed a 
constant level of viral replication before drug administration (Fig. 
4). Dexamethasone significantly up-regulated viral replication. 
After withdrawal of dexamethasone, the level of WHV replica- 
tion remained at higher levels compared with pretreatment levels. 
In contrast, treatment with interferon a down-regulated WHV 
replication in mouse 1063 by greater than four orders of magni- 
tude to nondetectable levels in serum dot blots after 15 days. 
However, upon withdrawal of interferon a, WHV replication 
rebounded to levels higher than pretreatment WHV levels. 
Mouse 1418, with higher WHV pretreatment levels than mouse 
1063, showed only a limited response to interferon a treatment 
but had a rebound effect upon viral replication similar to mouse 
1063 after drug withdrawal. 

Heterogeneous Precancerous and Malignant Phenotypes of 
Transplanted Woodchuck Hepatocytes in uPA/RAG-2 Mice. 
According to multistep models of carcinogenesis, cells undergo 
successive cycles of mutation and selection on their path 
toward malignancy (4). These models predict that a WHV 
carrier liver will contain hepatocytes that have experienced 
initiating mutations that predispose them to oncogenic trans- 
formation. We reasoned that the regeneration of WHV- 
positive hepatocytes after transplantation might cause (0 
selection of precancerous hepatocytes, (//) enhanced onco- 
genic progression of precancerous hepatocytes, or (Hi) both. 

Therefore, we compared the phenotypes of transplanted wood- 
chuck hepatocytes in relation to hepatocytes present in the donor 
woodchuck. In chronic carrier woodchuck 2765, precancerous 
altered hepatic foci (AHFs) were very rare according to hema- 
toxylin/eosin staining of liver sections (Fig. 5A). In contrast, 
nearly all of the transplanted woodchuck hepatocyte nodules in 
the corresponding uPA/RAG-2 mouse livers had a distinct AHF 
phenotype (Fig. 5B, cells to the right of the arrows) that was 
absent in control nontransplanted uPA/RAG-2 mouse livers. A 
close up of the border between mouse hepatocytes and wood- 
chuck hepatocytes in the AHFs from Fig. 5B is shown in Fig. 5D. 
The woodchuck hepatocytes to the right of the arrows in Fig. 5D 
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FiG. 4. Effect of interferon a and dexamethasone upon WHV 
secretion in uPA/RAG-2 mice. Each trace shows data from individual 
uPA/RAG-2 mice containing WHV-secreting woodchuck hepato- 
cytes. Arrows mark starting point and withdrawal of agents. Time 
points mark the collection of serum samples. The dashed line repre- 
sents the threshold of sensitivity for the dot blot analysis. 






exhibited an altered phenotype including enlarged nuclei with 
prominent nucleoli. This phenotype was common to woodchuck 
hepatocytes in the AHFs from the donor woodchuck (Fig. 5C } to 
the right of the arrows). 

In another example, we detected both a primary HCC (Fig. 
5F) and a cholangiocarcinoma (Fig. 5H) after transplantation 
of woodchuck cells from woodchuck 4940. Woodchuck 4940 
was a chronic WHV carrier that had developed three HCCs 
and a cholangiocarcinoma (Fig. 5 £ and G) in a lobe of it's liver 
that was removed before perfusion. The WHV DNA integra- 
tion pattern in the HCC from transplanted woodchuck cells 
was different from the integration patterns of the three donor 
woodchuck HCCs (Fig. 6). Therefore, either the donor liver 
contained a small tumor that was not detected and was 
selectively amplified or an infected hepatocyte may have 
obtained a tumorigenic mutation during growth after trans- 
plantation leading to its malignant transformation. 

DISCUSSION 

We have developed a hepatitis B mouse model by transplanting 
xenogenic woodchuck hepatocytes into tolerant uPA/RAG-2 
mice. Transplanted woodchuck hepatocytes responded to the 
mouse liver environment with significant proliferation and 
replaced more than 90% of the diseased transgenic mouse 
liver. Transplanted cells grew as microclones in several recip- 



Fig. 5. Hematoxylin/eosin staining of frozen 
liver sections from donor woodchucks (A, C, £, and 
G) and uPA/R AG-2 mice recipients (B, D, F, and H) 
after transplantation of WHV-positive woodchuck 
hepatocytes. A woodchuck liver (no. 2765) contained 
altered hepatic foci (A, X200; C, x 1,000; right side 
of arrows marks border), with large nuclei and 
prominent nucleoli that appear similar to trans- 
planted woodchuck hepatocytes in uPA/RAG-2 
mouse liver (5, x200;D, x 1,000; right side of arrows 
marks border). (E and G) Examples of an HCC and 
cholangiocarcinoma, respectively, from a woodchuck 
(no. 4940) chronically infected with WHV. (X200.) 
(F and H) Presence of an HCC (F) and a cholan- 
giocarcinoma (H) in a uPA/RAG-2 mouse after 
transplantation of hepatocytes from the donor wood- 
chuck shown in E and G. (X200.) 



ients from common donor sources of cells and their growth 
pattern generally restored a normal cord structure of the liver 
The experimental system reported herein combined several 
desirable characteristics of previous animal models for study- 
ing hepadnavirus infection and pathogenesis. The woodchuck 
animal model allows the study of WHV infection in a natural 
host setting in which complete viral clearance occurs in 
relatively inaccessible genetically heterogeneous animals (26- 
28) Although transgenic HBV mice have provided important 
new information regarding viral pathobiology (6-9), they are 
tolerant to HBV-encoded antigens and do not entirely repro- 
duce the viral life cycle because CCC DNA cannot be detected 
in the nuclei of their hepatocytes. The chimeric uPA/RAG-2 
mouse model offers a unique chance to study mechanisms of 
viral persistence in natural host hepatocytes in the absence of 
B and T cell-mediated immune responses. The absence of B 
and T cells provide potential opportunities for their replace- 
ment with either woodchuck or mouse immune system cells 
selected for specific B or T cell functions. Furthermore, this 
model provides the chance to study viral replication in rapidly 
proliferating hepatocytes during liver repopulation and in 
quiescent hepatocytes after completion of liver regeneration. 

Our first antiviral study used interferon a, because this is the 
only currently approved treatment for persistent HBV infec- 
tion (5, 29, 30). Besides exhibiting various immunomodulatory 
effects' (31), interferon a induces the release of intracellular 
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Fig. 6. (A ) Southern blot analysis of uPA/R AG-2 mouse liver genomic 
DNA with a woodchuck genomic DNA probe (lanes 3 and 4). Woodchuck 
DNA is detectable in tumors arising in uPA/RAG-2 mice (lane 3). Lane 
4 is a negative control. Unique WHV DNA integrations in DNA from the 
tumor of lane 3 are detected with a WHV DNA probe (lane 2, with lane 
1 as negative control) that are different from WHV DNA integrations in 
donor woodchuck tumor DNA samples (B, lanes 1-3). 

enzymes such as 2',5'-oligoadenylate synthetase and double- 
stranded RNA-dependent protein kinase, which degrade viral 
messenger RNAs and inhibit viral protein synthesis (31) in vitro 
(32) and in vivo (29, 33). 

Patients who respond to interferon a therapy show a decrease 
in circulating HBV DNA levels within the first week (31). In 
uPA/RAG-2 mice, we observed a transient reduction in WHV 
DNA in serum after 15 days of interferon a treatment and 
enhanced WHV replication by stimulation of the glucocorticoid 
responsive element with dexamethasone. The immediate re- 
bound of viral replication after withdrawal of interferon a 
strongly suggests that WHV DNA was not cleared from wood- 
chuck hepatocytes and that woodchuck hepatocytes were not 
eliminated as a result of interferon a treatment. Further studies 
should allow us to determine whether the sole remaining WHV 
DNA during interferon a treatment is nuclear CCC DNA. The 
effectiveness of human interferon a against WHV suggests that 
other human and murine reagents may cross react with their 
woodchuck homologues and will allow us to test a wide variety of 
antiviral agents, including cytokines, for their effectiveness in 
clearing all molecular species of WHV DNA. 

A major objective for hepatocarcinogenesis studies is to define 
the cellular and molecular phenotype of precancerous hepato- 
cytes to design early diagnostic and intervention protocols. Phe- 
notypic comparison of nodular woodchuck hepatocytes in uPA/ 
R AG-2 mice with hepatocytes present in precancerous lesions in 
the donor woodchuck revealed an enrichment of AHF pheno- 
types in transplanted uPA/RAG-2 mice. These data suggest that 
transplantation led either to a selection for altered hepatocytes 
that preexisted in the woodchuck liver or progression of initiated 
hepatocytes from the original woodchuck liver. In either case, the 
easy identification of amplified precancerous lesions provides a 
tool for studying genetic changes in those cells. 

The presence of unique WHV DNA integrations in an HCC 
from a uPA/RAG-2 mouse liver demonstrated in vivo selec- 
tion and clonal expansion of woodchuck hepatocytes, suggest- 
ing that tumor progression may have occurred after cell 
transplantation. Such clonal expansion of hepatocytes should 
provide sufficient quantities of transformed cells to investigate 
and better understand the roles of viral genes and WHV DNA 
integrations in hepadnavirus-associated hepatocarcinogenesis. 
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